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Abstract

The CN radical plays an important role in the chemistry of nitramine propellant flames.
Diagnostic methods for detection of this radical are therefore important for studies of its role in
propellant combustion experiments. In this work, CN laser induced fluorescence (LIF) in an
atmospheric pressure flame was studied. The first such flame study involving observation of LIF
in the strong CN B-X violet system, near 3880 A, but with excitation using strong, fundamental
dye laser outputs, near 6000 A, is reported. Excitation at significantly longer wavelengths
(smaller photon energy) than LIF observation wavelengths is unusual. Because the high intensity
fundamental outputs of dye lasers may be used, these excitations could ultimately prove to be
very effective diagnostic methods for this species. Subsequent investigation of the spectra has
revealed that at least four distinct excitation processes, some of which involve molecular
collisions, are responsible for the observed LIF as the laser is scanned in this region. The
observed spectra reveal some of the unexpected effects of collisions and laser intensity on
absorption and fluorescence in this molecule.
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1. INTRODUCTION

Because of its importance in combustion chemistry, especially in propellant flames, and other
fields, the spectroscopy of the cyanide radical has been the subject of intense study for decades
[1]. The two strongest and, therefore, best-characterized electronic transitions in CN are the
B2Z*-X23* violet system and the A2II-X?2* red system. The much weaker B2Z*- AII system
was first observed in emission by LeBlanc from the reaction of active nitrogen with various
organic molecules [2]. The B2Z*- Al system is ideally suited to study using laser-induced
fluorescence (LIF) spectroscopy because fluorescence in the strong B2X*-X2%* transition is well
separated in wavelength from the exciting laser radiation that may be obtained from the
fundamental output of common red dyes. This technique has been used to probe the photolysis
dynamics of various species containing cyanide and to study interelectronic and intraelectronic
collisional energy transfer in CN [3-11]. In these experiments, CN AZI was generated either by

photolysis or reaction of metastable atoms with various cyanides.

The presence of CN A2 in an atmospheric-pressure flame was demonstrated by Vanderhoff
et al. who pumped several B2Z*- A transitions using discrete lines of cw ion lasers [12]. The
work reported here establishes the viability of this flame as a simple source for at least the v =0
level of CN AZI. This work constitutes the first report of scanned laser excitation of the CN
B2Z*- A1 system in a flame and at atmospheric pressure. It also establishes the LIF technique
as a suitable diagnostic for CN AZI in flame environments; this is one of the few cases known in
which an electronically excited species, especially a molecular species, has yielded to the LIF

technique in a flame environment.

Much weaker, anomalous features were observed interspersed with and to the red of the
B2Z*-AZI (0, 0) spectrum. These features have been conclusively identified by comparison with
simulated spectra as the CN AZII-X22* (8, 3) and (9, 4) bands. Fluorescence in the BZZt- X232+
system can be explained only by interelectronic upconversion from the A2II state due to collisions
in the high-pressure, high-temperature environment. Recordings of fluorescence spectra have

firmly identified CN B2Z* as the emitter. Although the energy gaps involved are sizable, they are

1



nevertheless of the order of kT in the flame. A portion of the AZI-X22* (10, 5) band has also
been recorded near 6,300 A laser wavelength; AZII, v = 10 is nearly isoenergetic with B2ZH,

v=0.

Extension of the laser scan to the red of 6,180 A produces a series of features whose
characteristic intensity is an order of magnitude larger than that for the AZI-X%Z* (8, 3) and
(9, 4) bands when the laser beam is focused. Analysis has shown that these features are clearly
due to two entirely different mechanisms. The first process has been conclusively identified as the
simultaneous resonance of the laser with transitions in the overlapping CN AZII-X2Z* (4, 0) and
B2Z*- A1 (3, 4) bands assisted by partial rotational relaxation in A1, v = 4 during the laser
pulse. The process may therefore be described as a collision-assisted single-color optical-optical

double resonance (OODR) excitation of CN to the B2Z* electronic state.

The second process occurring in the same laser-excitation-wavelength range (6,180-6,298 A)
is a newly identified near-resonant two-photon excitation (NR2PE) of CN in the B2Z*+-X23t
(3, 0) band with AZII, v =4 providing the intermediate near-resonant levels. Only a few of the
strongest features are observable amidst the overlapping OODR spectrum, but their origin is
firmly established and has been independently verified in a separate study under near collisionless
conditions [13]. The only features observed here are those for which the laser is detuned from a

transition in A2[I-X2Z* (4, 0) by less than 20 cm™ L.

In addition to the aforementioned excitation regions and processes, CN excitation was
similarly observed in the region from 6,198-6,520 A. However, a careful analysis of these
features was not attempted. Possible explanations for these excitations is discussed. In addition,

spectra in the entire region are presented in Appendix B for possible future study.

Studies of the four assigned excitation processes have been performed only in an atmospheric-
pressure flame. Therefore, quantitative information regarding rates of the two collisional
mechanisms is not available; the work here described was primarily intended only to identify the

mechanisms responsible for producing the observed laser excitation spectra. These processes are



now known; quantification of the relevant transfer rates under more controlled conditions remains
for future work. Although the four processes observed are uniquely different in mechanisms, they
occur in the same range of laser wavelength, and their resulting spectra are blended. Except for
the B2X*-AZI (0, 0) band, the processes and their associated spectra are unexpected: they
appear only due to collisions in the high-pressure flame or because of near-resonance of the laser

with certain specific transitions.
2. EXPERIMENTAL

A Nd:YAG-pumped dye laser system (Quantel TDL 60) was operated using the dyes
rhodamine 610, rhodamine 640, and DCM to cover the range from 5,890 to 6,520 A. Typical
maximum pulse energies were ~30 mJ. The laser power was attenuated using neutral density
filters. The laser line width was ~0.07 cm™!, and the pulse duration was ~10 ns. The beam was
either reduced to ~ 2-mm diameter by an aperture or else focused by a lens (30-cm focal length)
into the reaction zone of the flame. The pulse energy was measured using a volume-absorbing
disk calorimeter (Scientech 38-0101). The relative laser power during scans was monitored using
light scattered from a surface onto a photodiode. Fluorescence was collected perpendicular to the
beam by a lens (10-cm diameter), passed through an adjustable iris, filtered, and detected using a
photomultiplier tube (EMI 9659QA). A narrow bandpass interference filter (A = 3,864 A, fwhm
=115 A) was augmented by one or two broad bandpass colored glass filters (A, ~ 4,000 A). This
combination passed fluorescence (and flame emission) from the CN BZZ*-X23* Av = 0 bands.
Fluorescence scans were recorded by substituting for the filters and PMT a 0.35 m
monochromator (GCA/McPherson EU-700) with a 2,180 line/mm grating and PMT
(EMI 9659QA). The fluorescence signals were preamplified (HP 462 A) and processed by a
boxcar averager (PAR 162/164). The boxcar output was registered by a strip-chart recorder and
also digitized (Metrabyte DAS-16G) and stored on magnetic disk by a microcomputer (Zenith,
80286 microprocessor) for later analysis and printout. The voltage from the photodiode laser-
power monitor was digitized and stored in the same way. The curved knife-edge burner
employed in these experiments is described in Beyer and DeWilde [14]. Methane (Matheson
UHP, 99.97%) and nitrous oxide (Matheson CP, 99.0%) were premixed and undiluted, the



equivalence ratio being ¢ ~ 2.4 (¢ = 4[CH,J/[N,O]). The gas flow rates were controlled by
manual metering valves. Previous work has shown that the plateau temperature obtained in the
reaction zones of various flames using this burner is very near the adiabatic flame temperature

[14, 15], approximately 2,300 K at ¢ =2.4.
3. RESULTS AND DISCUSSION

As noted in section 1, laser excitation of CN near 6,000 Ainan atmospheric-pressure flame
produces the B2Z* electronic state by four independent processes (See Figures 1a-1c): (1)
absorption in the B2Z*- AZII (0, 0) band; (2) absorption in the A2II-X2Z* (8, 3), (9, 4), and (10,
5) bands followed by collisional interelectronic conversion from AZI to B2ZH,; (3) a collision-
assisted single-color OODR via A2II-X2Z* (4, 0) and B2Z*- A% (3, 4); and (4) a NR2PE in the
B2Z*- AZMI (3, 0) band via intermediate A%II, v = 4 rotational levels. These four processes and
the region from 6,298-6,520 A are discussed separately.

3.1 CN B2Z*-AZ] (0, 0) Band. The excitation/fluorescence process for the CN BZXt-AI
(0, 0) band is depicted schematically in Figure 1a. Part of the excitation spectrum recorded in the
flame is shown in Figure 2. The spectrum has been normalized with respect to laser power. The
beam was not focused, and the laser pulse energy was ~0.05 mJ so that the spectral irradiance
wasI, = 2 X 10% W/em? cm™1.* Transition wavelengths were computed using molecular
constants from Kotlar et al. [16] and from Engleman [17]. The band with line assignments
extended to 5,890 A may be found in Appendix A. For comparison, a B2Z*- AZII (0, 0) band
excitation scan obtained following flash photolysis of cyanogen to produce CN ATl may be found
in Conley et al. [10]. The results are in essential agreement.

Efforts to deduce an effective rotational temperature for CN AZI, v = 0 from excitation scans
like that shown in Figure 2, were thwarted by two related experimental difficulties. (1) The

* The spectral irradiance is calculated here as pulse energy/pulse duration x line width. Note, that to make this
definition appropriate for multiplication by the Einstein B coefficient, one must take care to divide by 4% or by the
speed of light, depending upon whether B is expressed in terms of isotropic intensity or energy density, respectively.

4
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nascent CN B2Z* in the flame emits within the filter bandpass, thereby producing a noisy
background. The S/N ratio degrades rapidly with decreasing laser power. The emission also
loads the PMT requiring care to avoid its saturation in detecting the LIF. (2) In practice, it was
found that partial saturation of these transitions was easily obtained in spite of the relatively small
oscillator strength for the band (=4 x 10™ 4) [11, 18]. Use of an unfocused beam (in order to
avoid saturation) promotes sampling of sizable spatial regions. The temperature may vary
substantially over these regions in the atmospheric-pressure flame. At this time, the rotational

temperature of A21'I, v = 0 in the flame, if one can be determined, remains unknown.

In addition to these known difficulties, there also exists the possibility of contamination of the
fluorescence signals by another mechanism; weak features may be present among the strong
B2X+- Al (0, 0) lines. These features are due to the collisional process discussed in section 3.2.
The weaker peaks may be obscured by saturation broadening the B2Z*- AZII lines when a
powerful laser, such as the YAG-pumped dye system used for the present study, excites the LIF.
If collisions are possible, the presence of these features could affect the results of quantitative LIF

measurements even when the source of CN is, for instance, photolysis of a stable precursor.

3.2 QN_A%HM&A)_&MM The anomalous features appearing in

the BZX*- AII (0, 0) band are most clearly seen among the weak lines of the P,, branch near
6,006 A in Figure 2. (Also see an expanded view in Appendix A.) These weak features,
extending from 6,016 to 6,100 A, are shown as the lower trace in Figure 3 and, as indicated there,
have been conclusively identified as the A%IT- X2Z* (8, 3) band. The upper trace in Figure 3 is a
simulated spectrum computed from the constants of Kotlar [16] assuming a flame temperature of
2,300 K. The laser beam was unfocused, yielding a spectral irradiance of =6 x 107 W/cm? cm™ L.
Further to the red, the AI-X%3t (9, 4) band is also excited by the laser with fluorescence
detected near 3,860 A. Figure 4 shows the spectrum recorded from 6,130 to 6,180 Aanda
simulation of the overlapping AZI-X2%* (8, 3) and (9, 4) bands. Only the main (9, 4) branches
have been assigned in Figure 4. As can be seen from Figure 3, the A2II- X232+ (8, 3) band
extends well into the BZX*- A2II (0, 0) band, as far as the R, branch head at 5,983.76 A. With
sufficiently high S/N the A2II-X?Z* (7, 2) band, which extends further to the red, might also be

observed.



"gom3yy

LAV ! uongell Z z
(V) yrSuosaisaey JoseT
00L9 0609 . 0809 0£09 0909 0509 0¥09 0£09 0209
posy ¢ty (0'0) Vv—g—>
L oz -Gl _ ol ¢
o I _ I I | | L | 1 | I [N T N W L 1
L GC 0z Sl ol
o) | _ I | 1 | _ _ \ _ A S N W VY MY RN O I A
Se o¢ G2 0z
Pm ! ] 1 1 l l | | I ! ] ] | I N N O T |
> sz 0z Sl o)
2 ) L I I 1 I L { | ! | L 1 R
z og¢ Sz (oY4 Sl
o L \ I | | 1 I _ _ _ 1 ! I N S N
Gg og Sz .
Y | _ _ _ _ _ _ | N IR M S N

(€°Q) X—V ND

10



"y amsny

(V) yisuoroaepy IoseTq]

0o8L9 GLL9 Oh.r,w SO1L9 O@.Fw mm.ﬁm Om_FQ .m,v._‘w O¢.e® mn_wm
LAI. WNNHLO3Id4dS oo
. { —
| s | |
r M
g |
| A | l _ _ L1 N_ Fn_ W
|
Gl
| | | | | 1 | O_F | L1 m__ L
ﬁ (W)
0ocZ Gl Ol
{ | | ] i i | | | | __ _.___________.
0 g o .,
| 1 | | O__‘ | | | i % { | ) Nn_
{ | | | m_e | | | i O_P | | | { m L L1 —NG
.m_N | | | | O_N | ] | | m_—‘ | { | | O_—‘ || __%_
| _ , It %
(¥'6) X—V ND




The observation of the AZII-X2Z* (8, 3) and (9, 4) bands by fluorescence in the B2X+-X2Z*
Av = 0 sequence can be attributed only to interelectronic conversion of AZIL, v=28and 9 to BZZ* |
by endoergic collision with hot-flame molecules, as illustrated in Figure 1b. The populations in
the v = 3 and 4 levels of the X22* state relative to the total electronic state population are 2.1 x
102 and 6.8 x 10”3, respectively, assuming a thermal vibrational distribution at 2,300 K. The
energy gaps between the rotationless B2Z*, v =0-A2I, v =8 and BZZ*, v = 0-AZIL, v =9 levels
are 3,097 and 1,516 cm™ !, respectively, while kT = 1,598 cm™! at 2,300 K. The smaller energy
deficit for A1, v’ = 9 relative to v’ = 8 is offset by the fact that it is populated by pumping from
a vibrational level with lower population (assuming thermal equilibrium). The (8, 3) and (9, 4)

bands have approximately the same oscillator strengths [19].

Attempts to record excitation spectra of the (8, 3) and (9, 4) bands by detecting fluorescence
in the AZIT-X22* (8, 4), (8, 2), (9, 5), and (9, 3) bands near 6,806, 5,363, 6,974, and 5,483 A,
respectively, were not successful. These bands are among the strongest in the red system having
v’ =8 and 9 [19]. The fact that fluorescence was observed in the BZZ*-x2%* (0, 0) band, but
not in the strongest AZI-X2Z* bands with v’ = 8, 9, reflects in part the higher sensitivity of the
PMT (a factor of 2-3) in the near ultraviolet (UV) as opposed to the red, but fesults primarily
from an oscillator strength for the BZZ*-X23* transition, which is ~40 times larger than the
relevant transitions in A2II- X?Z* [19]. Confirmation of BZZ* as the emitting state was obtained
by recording the fluorescence spectrum shown in Figure 5. The spectrum was obtained while
pumping the strong feature in the (9, 4) band at 6,160 A, an unresolved set of lines from several
branches. The fluorescence spectrum is unquestionably identified as that of the BZZ+-X23+

transition.

The A2IT-X?3+ (10, 5) band was also observed near 6,300 A. Collisional conversion of CN
to B2Z*, v = 0 following laser excitation of AZII v = 10 has been reported previously in 2 torr of
argon at 300 K [20]. Because AZI, v = 10 and B2Z*, v = 0 are approximately isoenergetic,
nearly elastic collisions with flame molecules, can induce the intermolecular conversion. In this

report, strongly enhanced fluorescence was observed (more clearly, under unsaturated conditions)

12
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on the perturbed and extra Q,(16) lines at 6,315.44 and 6,316.07 A, respectively. A portion of
the (10, 5) band excitation spectrum containing these lines appears as the inset in Figure 6. The
inset spectrum was recorded with the laser unfocused (I, = 8 x 10’ W/cm® cm™). The
perturbation and intensity enhancement in A”II, v = 10 at J = 15.5 is well known [21].
Calculations using the methods outlined by Kotlar et al. [16] indicate that the perturbed and extra
J =15.5 levels have 10.5% and 89.5% sigma character, respectively. The interelectronic
conversion from perturbed rotational levels is collisionless and very rapid [20]. Therefore, the
ratio E/Q of the rate of electronic conversion to that for quenching is greater than E/Q for the
unperturbed levels, which require collisions to promote the conversion. Hence, the fluorescence
quantum yield from B>Y*, v = 0 is enhanced for the perturbed levels. Unidentified features were
found mixed with the (10, 5) lines. Because of this congestion, a full assignment of the (10, 5)
band was not attempted. The unidentified lines may belong to one of several possible B>Z*- A%l
Av = -1 bands which have transitions near 6,300 A [19]. Features which remain unidentified
were recorded in laser excitation scans extending to 6,520 A. (See section 3.5 and Appendix B.)

It should be explicitly emphasized that the observed spectra cannot be due to UV
fluorescence in AZII-X2Z* bands with v’ = 8, 9, or 10. All fluorescence from A’II, v’ = 8, 9 is
rejected by the filters in the detection system. Only the AZIT-X?Z* (10, 0) band could
conceivably be detected in fluorescence; however, the oscillator strength for this transition, as for
all UV AZ[I-X?3* transitions, is vanishingly small [19]. Figure 5 provides incontrovertible proof
ihat the emitter is B’Z*. Figure 5 also shows that there is clearly fluorescence in at least one Av =
+1 band of the B>Z*-X?Z* transition. This observation is possible only if the collisional
uptransfer processes also populate B2Z*, v > 0. The same result was observed when pumping
2+ > A’II-X*Z* (8, 3) transitions. Collisional interelectronic conversion from A’TI, v=8, 9 to
B?II*, v>0 even at 2,300 K is totally unexpected given the magnitude of the energy gaps
involved. In addition, although Figure 1b shows a direct production of BZZ*, v =0 from A%[l v =
8, 9, it is entirely possible that multistep collisional mechanisms involving distribution of
population into high-lying vibrational levels of both A’Il and X?Z* and, thence, to B*X*, could
contribute in large part to the observed fluorescence. Rapid collisional equilibration of

14
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population in nearly resonant vibrational levels of the electronic states of CN in a few torr of
argon is well established [4-9, 20, 22].

3.3 Collision-Assisted Single-Color OODR via ATI-X*%* (4, 0) and B*E*- Al (3, 4)
Bands. With increasing laser wavelength and the beam focused in the flame (I, ~ 9 x 10" W/em?
cm™?) the weak spectra due to AZ[I-X?X* (8, 3) and (9, 4) give way to a much stronger series of
peaks beginning at about 6,180 A (see Figure 6). The strong peaks extend to about 6,283 A, then
the spectrum abruptly returns to much weaker features as the wavelength increases. It is to be
emphasized that the weak features outside this region are not noise; they are also LIF peaks (see
Figure 4). The mechanism producing the intense features becomes clear when it is realized that
(1) 6,180 A corresponds to the (R,,) head of the red-degraded A*[I-X?Z* (4, 0) band; (2) 6,283
A corresponds to the (P,) head of the blue-degraded B>Z*- A™I (3, 4) band; and (3) the upper
vibronic level for the first band (A1, v = 4) is the lower vibronic level for the second. The
intense features are limited to the wavelength region in which the AZII-X?Z* (4, 0) band overlaps
the B2Z*- A1 (3, 4) band. Four of the branch heads expected for one-photon excitation of the
ATI-X?Z* (4, 0) and B>Z*- AZI (3, 4) bands are clearly well developed in the OODR spectrum.
These are identified in Figure 6, along with others which do not appear so clearly; the P,, head is
the furthest red feature in the BX*- A%l (3, 4) band. Therefore, the strong features recorded in
the range 6,180-6,283 A must result from single-color OODRs in A%II- X?Z* (4, 0) and
B2Z*-ATI (3, 4). As will be discussed, the density of features in this range can be explained only
by acknowledging the effects of significant rotational relaxation in AII, v = 4 during the laser
pulse.

Figure 7 shows the laser-induced excitation spectrum of the AZII-X2Z* (4, 0) band recorded
by detecting fluorescence in the AZII-X?E* (4, 1) band near 7,100 A. Line assignments were
made using spectral constants from Kotlar et al. [16]. The lower trace in Figure 7 is the
corresponding UV fluorescence obtained with the monochromator set at 3,860 A, as in Figure 6.
Inspection of the two traces shows, with a few exceptions, that for each peak in the UV
fluorescence scan, there is one at the same wavelength in the upper trace. There can be no doubt
that the AZII-X?Z* (4, 0) band is involved in production of the UV fluorescence. The extremely
irregular variation in the peak intensities is to be expected for single-color OODRs in a
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collisional environment, such as a flame, as will be discussed more fully. Measurements of the
fluorescence signal as a function of laser power (focused) on a number of the stronger features
yielded power dependencies less than unity, indicating at least partial saturation of both OODR
transitions. The spectra shown in Figures 6 and 7 were recorded with I, = 9 X 10'° W/em? cm™L.
The features in Figures 6 and 7, labeled S, Q, and O, are due to the NR2PE process discussed in

section 3.4.

The number of single-color OODR transitions possible in direct collision-free excitations via
the AZII-X2Z* (4, 0) and B2Z*- A2 (3, 4) bands is less than 10, assuming a saturation-
broadened linewidth for both transitions of =1 cm™!. Therefore, the richness of the spectrum in
Figure 6 can be explained only by invoking rapid rotational relaxation in AZII, v = 4 during the
10 ns laser pulse. This process allows rotational levels neighboring the one initially populated by
absorption of the first phofon to serve as lower levels for the second absorption. Note that a
typical mean time for LIF quenching collisions to occur in atmospheric-pressure flames is of the
order of 1 ns, 10 times shorter than the laser pulse; rotational relaxation typically occurs about
five times faster [23, 24]. The production of the OODR features through collisions has been
confirmed in a separate study at low pressures [13]. At 0.2 torr of cyanogen, only the NR2PE
lines appear in the laser excitation spectrum. When the pressure is raised to 1.0 torr, new features

arise that can be directly matched with those observed in the atmospheric-pressure flame.

The rotational population distribution of a molecule that has been excited by a laser in a
collisional environment, such as a flame, is generally strongly peaked about the originally pumped
level during and immediately after the laser pulse, but with very significant population in nearby
rotational levels [23, 24]. Although the distributions generally fall off rapidly as one moves away
from the originally pumped level, there are usually a large number of rotational levels exhibiting
significant population. The observed distributions are the result of competition between rotational
relaxation collisions, the laser excitation process, and the combined effects of electronic

quenching and vibrational relaxation collisions. The first process tends to bring about
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rotational equilibration within the excited vibrational level; the latter three tend to preserve
peaking of the rotational distribution about the level pumped by the laser. At atmospheric
pressure, collisional rates are generally much faster than radiative emission so that emission has
negligible effect on the excited-state distribution. The rotational distribution changes with time,
but it is nevertheless generally strongly peaked at the pumped level during the laser pulse.
Rotational equilibration of the excited state typically occurs some time after the pulse, as nicely
demonstrated in an experiment on OH AT by Stepowski and Cottereau in a low-pressure flame
(=20 torr) [25]. |

The typical situation in atmqspheric-pressure flames is somewhere between two hypothetical
limiting cases [23, 24]: (1) the so-called "frozen excitation" limit, wherein the vibrational and
quenching collisions completely dominate rotational relaxation, resulting in observation of only
the originally pumped level; and (2) the completely rotationally relaxed limit, which would occur
if rotational transfer collisional rates dominated the other effects. It is worthwhile to reiterate that
the mean time between quenching collisions (~1 ns) is typically about five times longer than that
for rotational transfer collisions. It is therefore very reasonable to assume that incomplete, but
significant, rotational relaxation occurs in the AZTI, v = 4 level of CN during the laser pulse in the
present experiments. Incomplete rotational relaxation of CN B2Z* in competition with quenching
and vibrational transfer in a similar flame has been demonstrated in cw laser experiments [15].
The excited-state rotational distribution upon ion laser excitation of several levelé inC, d3]Ig, CN
A1, and CN B2Z* exhibits the same characteristics [26].

Analysis has shown that the observed OODR transition wavelengths correspond
overwhelmingly to simultaneous resonances in both A2II-X2Z* (4, 0) and B2Z+-AZII (3, 4)
assuming rotational relaxation in AZI, v = 4 and a saturation-broadened linewidth of 0.7 cm™1. A
detailed simulation of the OODR spectrum is, in principle, possible. However, it would be a
decidedly nontrivial task, particularly with regard to reproducing the observed intensities. The
following effects must be included. (1) The rotational distribution in the intermediate level (AZII,
v = 4) is not expected to be at either of the limits mentioned in the preceding péu‘agraph, and the
distribution is expected to be time-dependent during the laser pulse. Little information exists
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regarding rate parameters for CN in this state and colliders in the flame, particularly at high
temperature. (2) Transition wavelengths for the two single-photon transitions involved in each
OODR transition must be very well known. The overlap of the one-photon transitions strongly
affects the expected intensity. It is easily shown that such overlaps are very sensitive to slight
errors in the transition wavelengths. (3) Line shapes strongly affect the overlap calculations. The
line shapes are not well known since they are affected by both collisions and saturation. (4)
Saturation of transitions will affect intensities through depletion of the lower rotational level in a
collisional environment [23, 24]. The relative strength of the effect depends on rotational levels
involved in the transition, line strengths, colliders, and temperature. (5) The linestrengths of each
one-photon transition involved must also be included; unlike the other information required, these
are well known. A number of the preceding effects represent major efforts to model in
themselves, in particular the first and fourth. Because of the large uncertainties in many of these
parameters, the value of a detailed simulation appears doubtful. A simulation closely approaching
this level of complexity has been carried out for an identical mechanism known to occur in Li, (at
4 torr and using a cw dye laser) with only moderately successful results, indicating the difficulty of
the calculation [27, 28]. Variability in these many effects among the lines in the OODR spectrum

produces their irregular intensities.

3.4 NR2PE in the BZX*-X2%+ (3, 0) Band. Certain features in the OODR region,
particularly those labeled S, Q, and O in Figure 6, were recognized as problematic if due to this
collision-assisted process because their large intensities could not be readily explained. The
(offscale) peak, labeled Q, is three times larger than the next most intense peak (S) when the beam
is focused to give I, 9 x 100 W/cm? cm™!. It was then noted that the wa\;elength of the
offscale peak corresponds to half the energy of the B2Z*-X22* (3, 0) band origin, which
suggested the peak might be the Q-branch head of a nonresonant two-photon absorption in this
band. Further analysis and experiments have confirmed this assignment. Although the Franck-
Condon factor for this transition is exceedingly small (=2 x 10~ 5) [19], the two-photon transition
rate is significantly enhanced by near-resonances with rotational levels of A2, v = 4. Because
the collision-assisted OODR features obscure most of the lines of the two-photon B2Z*-X23*
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(3, 0) band, the spectrum has recently been recorded at low pressure in CN produced by
photolysis of C,N,. The simplified spectrum and its analysis may be found in Guthrie et al. [13].

The rotational constants for B2Z*, v’ = 3 and X2Z*, v = 0 differ by only =3 x 1073 cm™!
[16, 17]. Their near-equality yields a line-like Q-branch in the two-photon spectrum at the band
origin (32047.14 cm™ 1Y, which corresponds to a laser wavelength of 6,239.08 A. To the blue and
red of the Q-branch are expected very regular (and headless) S- and O-branches, respectively,
again because of the near-equality of the rotational constants. The near-symmetry of the
AZI-X23* (4, 0) and B2Z*- AZII (3, 4) branch heads with respect to the BZZ*-X22* (3, 0)
origin, shown in Figure 6, is also due to the similarity in B, for B2Z*, v = 3 and X?Z*, v =0. The
F, and F, transitions of the NR2PE O- and S-branches are too closely spaced in energy to be

resolved.

Because the OODR transitions are much more easily saturated at high laser intensities than the
NR2PE transitions, they may be distinguished by their dependence on laser power. Reduction of

the spectral irradiance from =9 x 1010 to =2 x 10 W/em? cm ™!

caused features S, Q, and O to
disappear altogether, while neighboring features remained largely unaltered (except for a
reduction in line width). Figure 8 shows the effect of this reduction in intensity in the
neighborhood of the feature labeled S in Figure 6, which is actually the unresolved S; (16) and S,
(16) lines of the NR2PE. Neighboring S-branch lines that, likewise, disappear at low power are
also labeled in Figure 8. Measurements of the fluorescence intensity as a function of irradiance in
the range 106 - 108 Wem? em™! gave typical power dependencies of ~0.8 for the OODR
features and ~1.7 for the NR2PE peaks. Figure 9 shows the fluorescence spectrum observed
when the unresolved S (16) lines are pumped by the laser; the upper vibrational level is confirmed

tobe v’ =3,

The probability per unit time for a two-photon transition from a lower state |g> to an upper
state |u> is proportional to the quantity

5 CalwEl) GluE |

T owy - w+il/2

k]
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where 1 is the molecular dipole moment, E is the field imposed by the laser, wy is the transition
frequency between levels i and 1, w is the laser frequency, and I'} is the homogeneous width of
level i [29-31]. The sum is taken over all intermediate states |i>, which may contribute to the
two-photon absorption. In the absence of near-resonances, the denominator is effectively a
constant for a given two-photon absorption band. Expressions for line strengths in this common
case have been derived and vary smoothly with J {30, 31]. However, the detuning of the laser
from A2II-X2Z* (4, 0) transitions varies from <1 cm™! to 400 cm™! as N variés from O to 40
for two-photon transitions in B2Z*-X23* (3, 0). The corresponding line strengths have been
shown to vary over five orders of magnitude [13]. Most significantly, the detuning of the laser
from A%II-X2Z* (4, 0) transitions that contribute strongly to the two-photon absorption
coefficient is the least in each B2Z*-X2%* (3, 0) AJ = + 2 branch for S, (16), S, (18), O, (18)
and O, (20). For values of N smaller and larger than these, the detuning increases rapidly [13].
Therefore, these lines and their immediate neighbors are the ones observed in the spectrum (see
Figure 8); the others are much weaker and hidden under OODR features. The line-like Q-branch
of the two-photon spectrum is strong, not only because it consists of contributions from many
transitions, but also because there exist particularly small detunings (<1 cm™!) for several of its
transitions. The Q-branch is very easily saturated in spite of the nonresonant nature of its

component transitions.

3.5 Unidentified Spectrum: 6,298-6.520 A. Unidentified features appear in the excitation
scan to the red of the B2Z*- A%II (3, 4) P;, head at 6,298.53 A, extending to at least 6,520 A.

The entire excitation spectrum observed in this work extending from 6,016-6,520 A is shown in
Appendix B. It should be noted that the spectrum was measured over a number of scans with
adjustments to flame conditions and PMT gain between scans. In addition, the spectrum required
the use of three dyes (R610/R640, R640, and DCM) and has not been corrected for the variation
in laser power over the dye gain curves. The points at which new scans were initiated are
indicated in the spectrum. Because of changes in conditions between scans, peak intensities
cannot be directly compared over the 500 A range spanned by the spectrum. The laser was kept
focused throughout the entire region. The laser intensity is therefore comparable to that for

focused conditions mentioned previously, although no special efforts were made to keep it
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constant between scans. In addition, careful calibration of the laser wavelength was not
maintained over the entire range, and the indicated wavelengths must be regarded as only

approximate (12 A).

With these restrictions in mind, it is nevertheless possible to draw some conclusions regarding
the unidentified features to the red of 6,298 A from the spectrum shown in Appendix B. It must
first be noticed that band overlaps between AZII- X?Z* and B2E*- AZII, which would support
another resonant two-photon process, are not present in this wavelength region [19]. Itis also
clear from a qualitative comparison of the peak heights between scans that the unidentified
features are comparable in intensity to those assigned to the AI-X2%* (8, 3) and (9, 4) bands in
the laser-wavelength range of 6,016-6,180 A. For these reasons, it is likely that at least some of
the features are due to the A%[I- X235+ (10, 5) and (11, 6) bands with R, heads at 6,278.9 and
6,432.2 A, respectively [32], followed by collisional interelectronic conversion to BZx* (v=0).
Recall that a few lines ascribed to the former band that involve perturbed excited-state rotational
levels were, in fact, identified near 6,300 A by using unfocused laser excitation (see section 3.2
and the insert of Figure 6). Branch heads of the former band are hidden in the much stronger
OODR region; those of the latter are not readily apparent in the spectrum. It should be noted that
while these transitions require pumping out of high-lying vibrational levels of X2Z*, the term
values of the upper levels exceed that of the B2Z* (v = 0) level so that an endoergic collision is
not required to produce the upper level of the fluorescence transition (Figure 1b).

Another possibility for the source of the unidentified lines is the B2E*- A2 Av = - 1
sequence, specifically the (2, 3) and (1, 2) bands with origins near 6,414 and 6,560 A, respectively
[19]. The spectrum in Appendix B does not extend far enough to the red to identify heads of the
latter band, and the former suffers from an extremely unfavorable Franck-Condon factor [19].
Assignment of the unidentified features to either the A%II-X?Z* Av = 5 or B2Z*-A2I] Av = -1
sequences remains speculative, and the spectrum awaits careful analysis. Itbshould finally be noted
 that the unidentified features appear to continue to the red of 6,520 A laser wavelength.
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4. SUMMARY

Laser excitation of CN in an atmospheric-pressure CH,/N,O flame near 6,000 A produces the
B2Z* state by four unique mechanisms. (1) The BZZ*-A2II (0, 0) band is excited in the laser-
wavelength range from 5,890 to 6,016 A. Detection of a molecular excited electronic state in a
flame using LIF is comparatively rare. (2) From 6,016 to 6,180 A the A2I-X%3* (8, 3) and
(9, 4) bands are observed. The B2Z™ state is populated by collisional interelectronic upconversion
from AZII, v = 8,9. The AZI-X2Z* (8, 3) band overlaps the BZX*- AZII (0, 0) band and could
complicate diagnostic use of the (0, 0) band in collisional environments. The AZI-X2Z* (10, 5)
band near 6,300 A was also observed with significantly enhanced fluorescence following
population of AT, v' = 10 levels that are perturbed by BZZ*, v = 0. (3) From 6,180 to 6,298 A
the overlap of the A2II-X2X* (4, 0) and B2 *- A]I (3, 4) bands promotes the detection of a
collision-assisted single-color OODR spectrum. The richness of the spectrum is due to rapid
rotational relaxation in the A%II, v = 4 level during the laser pulse. (4) Overlying the OODR
features are peaks due to NR2PE of CN in the B2E*-X2%* (3, 0) band with AIL, v = 4
providing the near-resonant energy levels. The only NR2PE transitions observed are those for
which the laser is detuned from a resonance in A?II-X2Z* (4, 0) by less than 20 cm™ 1

In addition to observation of the spectra assigned to the four processes in the region from
5,890-6,298 A, a rich specctrum was observed from 6,298-6,520 A. The latter region awaits
analysis. The spectrum is given in Appendix B. It appears likely the spectrum continues to longer

wavelengths.

This work has shown that the CH,/N,O flame may be used as a relatively simple and
inexpensive source of CN AZI as well as X2Z* for study by any number of spectroscopic
techniques. However, use of LIF in this environment can be complicated by unexpected
collisional and two-photon absorption processes. Employment of LIF as a quantitative diagnostic
in such environments requires the recognition of possible interferences due to these mechanisms.
This work has identified the gross mechanistic features giving rise to the observed spectra; it will
hopefully inspire future efforts to quantify the unique effects involved in their production.
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APPENDIX A:

B2Z*- A7 (0, 0) BAND EXCITATION SPECTRUM FROM 5,890 TO 6,016 A -
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This appendix contains the B2 - A% (0, 0) band excitation spectrum from 5,890 to 6,016 A
(extended further to the blue than in Figure 3). The spectrum has not been normalized with
respect to laser power. The spectrum is composed of two separate scans. The point at which the
second scan was initiated is indicated near 5,970 A. The scan on consecutive pages is continuous
except when "new scan" appears. Neglecting the variation in laser power over both scans, peak

intensities may be directly compared since operating conditions were identical for both scans.
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APPENDIX B:

CN EXCITATION SPECTRUM FROM 6,016 TO 6,520 A
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This appendix contains the excitation spectrum observed from 6,016 to 6,520 A by detecting
fluorescence near 3,860 A. All of the scans were taken with the laser beam focused. The scans
on conéecutive pages are continuous except where "new scan" appears. Because of changing
conditions between scans and variations in laser power over three dye gain curves, comparisons of
peak intensities must be made cautiously. At the time these spectra were taken, the dye laser-
wavelength drive was malfunctioning, resulting in nonlinear scan rates. The etalon fringe pattern
is therefore superimposed on the spectrum from 6,016 to 6,520 A to aid in rough calibration of
the wavelength scale. In this wavelength region, fringes are separated by ~1.6 A. The assigned
wavelengths are accurate only to within about +2 A, but fringe locations over short wavelength
ranges should yield an accurate relative wavelength calibration. Regions in which a "flame
adjustment" is indicated must be discarded; there are few of these, and they are short. In these
regions, the laser-wavelength was scanning. However, some change in flame conditions (e.g.,

blowout) required operator attention to correct and optimize signal.
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